In this paper, we develop a new type of three-dimensional dye-sensitized solar cells ͑3D DSSCs͒ with double deck cylindrical Ti meshes as the substrates. One of the Ti meshes is anodized to in situ synthesize the self-organized TiO 2 nanotube layer as the photoanode materials. Another Ti mesh is platinized through electrodeposition as the counter electrode. The morphologies of the electrodes are characterized by scanning electron microscopy. We investigate the effect of the mesh number on the 3D DSSCs with the dye adsorption, cyclic voltammetry, and electrochemical impedance spectroscopy. The results show that with the increase in the mesh number, the dye-loadings on the photoanode and the active surface area of Pt on the counter electrode are increased, while the diffusion of the electrolyte becomes more difficult due to the reduced diameter of the openings in the mesh. It has also been demonstrated that the performance of this 3D DSSC is independent of the incident solar beam angle due to its axial symmetrical structure. In the I-V measurement, the 3D DSSC based on the 90-mesh photoanode and the 120-mesh counter electrode shows the highest conversion efficiency of 5.5% under standard AM 1.5 sunlight. The problems of electrical insulator layer are discussed and further investigation is expected.
I. INTRODUCTION
At the beginning of this century, with the rapid economic growth in the emerging markets such as China and India, energy problem has been seen much more challenge than before due to large consumption of fossil fuel energy resources. In this case, it is essential to develop renewable energy technology such as solar cells which convert sunlight into electric energy directly. However, traditional silicon p-n junction solar cells usually require high purity silicon and ultraclean chamber, which dramatically increases the production costs. 1 The dye-sensitized solar cells ͑DSSCs͒, since reported by Gratzel in 1991, 2 have been taken as one of the most promising power sources for a new generation of solar cells due to their relatively low manufacturing cost and high energy conversion efficiency with a facile fabrication process. 3 For example, they do not need "free of dust" conditions compared with silicon-based solar cells.
Typically, the basic DSSC is built up as flat-type sandwichlike structure which consists of a transparent conductive oxide ͑TCO͒ glass such as F-doped SnO 2 glass covered with mesoporous nanocrystalline TiO 2 , dye molecules attached to the surface of TiO 2 , an electrolyte containing a redox couple ͑I − / I 3 − ͒, and a counter electrode such as a platinized TCO glass. Although the reported highest energy conversion efficiencies over 10% have been achieved on this type of DSSCs, 4, 5 the actual area of the cell is very tiny ͑no more than 0.5 cm 2 ͒ because of the resistance limitation of the TCO glass. 6 Consequently, how to increase the cell area with no efficiency reduction becomes a prospective research topic. Moreover, some investigations have also reported that the cost of the TCO glass suitable for DSSCs is estimated to be 16%-24% of the total cost of the solar cell, 7 which means that the TCO glass is one of the expensive components of the DSSCs. One promising solution is to replace the TCO glass of the counter electrode side with a metal substrate 8 on account of its low resistance, low cost and high temperature sinterability, especially with the view of large-scale industrialization of the DSSCs. Fang et al. 9 used stainless steel as the counter electrode substrate to make the fill factor ͑FF͒ and conversion efficiency for large scale DSSCs improved by 20% because of the reduced internal resistance. Another approach is to replace the TCO substrate of photoanode with metal sheet and sunlight irradiates to the DSSC through its counter electrode side ͑the Pt-sputtered TCO substrate͒ which is at the opposite side to traditional DSSCs and this type of cells is also named as backside illuminated DSSCs. 10 However, the sunlight intensity absorbed by the dyesensitized TiO 2 layer in the backside illuminated DSSC is poor owing to the low transmittance of the Pt-sputtered TCO glass and the high absorbance of the electrolyte. Besides, the resistance limitation problem of the TCO/metal substrates based DSSCs has not been completely resolved since there is still a TCO glass as the substrate of the electrode and the sheet resistance is only half reduced. It is surely attractive but of great challenge to realize the DSSC based on all metal substrates. Zou et al. 11 reported the conductive mesh based flexible DSSCs, which was the first generation of the allmetal-substrate DSSCs. They fabricated the all-metalsubstrate DSSC by using stainless steel meshes as substrates and coated them with TiO 2 ͑photoanode͒ and platinum ͑counter electrode͒, respectively. By using this new structure, sunlight can easily pass through the anode and is dispersed uniformly inside the electrode. However, the conversion efficiency was only about 1.49% ͑100 mW cm −2 ͒. On the other side, nowadays most solar cells, especially the DSSCs, are based on two-dimensional configuration which not only restricts the absorbance of sunlight but also causes the large occupation of land. Facing these issues, it is significant to develop solar cells based on three-dimensional ͑3D͒ configuration. Taking these two points together, our previous work [11] [12] [13] has reported a 3D double helix structured all-Ti DSSC aiming toward best utilization of sunlight, reduction in the sheet resistance and the fabrication cost. This type of DSSCs whose electrodes are based on spiral Ti wires has shown its unique photovoltaic characteristics due to its special components and structures.
In this study, we will demonstrate the fabrication of an innovative all-Ti 3D DSSC by utilizing the cylindrical Ti meshes as the substrates of electrodes combined with the electrochemical anodization method to in situ synthesize self-organized TiO 2 nanotubes as the photoanode material. The vertically self-organized TiO 2 nanotubes with controllable lengths could provide high specific surface area to load more dye molecules and unidirectional grain boundary free pathways for the photogenerated electrons transportation, 14 which would increase the charge collection efficiency. Moreover, the holes in the meshes could not only increase the exposure area of the substrates but also provide transportation channels for the electrolyte. In addition, the 3D cylindrical structure of the DSSC is able to capture more sunlight compared with the flat-type devices.
II. EXPERIMENTAL
Three types of Ti meshes ͑60-mesh, 90-mesh, and 120-mesh͒ were used as the substrates of the photoanodes. The 60-mesh means that there are 60 openings in 1 in 2 of mesh. With the increase in the mesh number, the diameter of the openings will be decreased. The meshes were first cut into square pieces, and then folded along a metal nail to form the Ti mesh cylinders. The two edges were connected by employing a Ti wire to wound them together and the diameter of the cylinder is about 4 mm, which can be seen from Fig.  1͑a͒ . Before anodization, the Ti mesh cylinder was cleaned in ultrasonic baths with ethanol first and then de-ionized water for 3 min each to remove surface contaminants. The anodization was performed in a two-electrode configuration with the Ti mesh cylinder as the working electrode to grow the TiO 2 nanotube films and platinum foil as the counter electrode under constant potential ͑30 V͒ at room temperature ͑23°C͒. A direct current power supply ͑Agilent E3612A͒ was to drive the anodization process. The electrode was anodized in the electrolyte containing a mixture of ethylene glycol ͑50.86 wt %͒, polyethylene glycol 600 ͑47.38 wt %͒, H 2 O ͑1.31 wt %͒, and NH 4 F ͑0.43 wt %͒. In order to achieve different thicknesses of the TiO 2 nanotube films, anodization time was arranged from 10 to 80 h. After anodization, the anodized samples were rinsed with deionized water and treated in oxygen ambient at 480°C for 3 h, with heating and cooling rates of 2°C min −1 . After that the samples were immersed in a 0.05M TiCl 4 aqueous solution at 70°C for 30 min, and subsequently rinsed in ethanol and annealed in air at 450°C for 30 min. Finally, the anodized Ti mesh cylinders were immersed in a mixture solution of tert-butyl alcohol and acetonitrile ͑1:1 in volume͒ of 5 ϫ 10 −4 M cis-bis ͑isothiocyanato͒ bis͑2,2Ј-bipyrridyl-4-4Ј-dicarboxylato͒-ruthenium͑II͒ bistetrabutylammonium dye ͑N-719, Solaronix͒ to get sensitized, as shown in Fig. 1͑b͒ . After 24 h, the sensitized samples were rinsed with ethanol to remove nonchemisorbed dyes.
The preparation method of the counter electrodes was almost the same as the photoanodes. In short, three types of Ti meshes ͑60-mesh, 90-mesh, and 120-mesh͒ were folded into Ti mesh cylinders, while the only difference is the smaller diameter of the cylinder, 2.5 mm, as shown in Fig.  1͑c͒ . They were then washed with acetone and ethanol in an ultrasonic bath for 3 min. The Pt thin film was deposited onto the titanium surface by an electrodeposition process which was carried out using an aqueous solution of 5 ϫ 10 −3 M H 2 PtCl 6 ·6H 2 O at room temperature. A digital sourcemeter ͑Keithley, 2400͒ was applied as a power supply. Here, the Pt counter electrode ͓Fig. 1͑d͔͒ was prepared with 15 mA cm −2 current density for 30 s.
For the solar cell fabrication, the counter electrode ͑pla-tinized Ti mesh cylinder͒ was first sprayed with a porous SiO 2 layer as an electrical insulator, 15 and then inserted into the internal hole of the photoanode ͑anodized Ti mesh cylinder sensitized with dye molecules͒, as shown in Fig. 1͑e͒ . Both of them were then put into a small glass tube ͑inner diameter of 5 mm and total length of 20 mm͒ with the electrolyte consisting of 0.5M LiI, 0.05M I 2 , and 0.5M 4-tertbutylpyridine in acetonitrile. Finally the tube was sealed with stuffing and epoxy, as depicted in Fig. 1͑f͒ . Figure 1͑g͒ shows a fabricated 3D DSSC with lead wires.
The morphology and film thickness of the as-prepared samples was investigated using scanning electron microscopy ͑SEM, JEOL model JEM-6490͒. The dye adsorption was analyzed by ultraviolet-visible spectroscopy spectrophotometer ͑HITACHI, U-4100͒. The electrochemical activity of the electrode was measured by the cyclic voltammetry ͑CV͒ in a nitrogen saturated solution using a three-electrode cell in a PARSTAT 2273 potentiostat controlled by POWERSUITE software ͑Princeton Applied Research͒. Pt sheet and a saturated calomel electrode were used as the counter electrode and reference electrode, respectively. All potentials in this report are quoted versus Hg/ Hg 2 Cl 2 . Electrochemical impedance spectroscopy ͑EIS͒ of the DSSC was also investigated Figure 2͑a͒ is the SEM image of the Ti mesh substrate ͑60-mesh͒. The diameter of one Ti wire is about 100 m which is one third of the side length of the opening. The electrolyte can diffuse through the openings to exchange electrons with electrodes. Figure 2͑b͒ shows the cross sectional SEM image of one anodized Ti wire in the Ti mesh. It is apparent that after anodization a self-organized TiO 2 nanotube layer was in situ synthesized in perpendicular to the wire's surface with average length of 8.6 m. As shown in Fig. 2͑c͒ , the nanotubes were packed in approximately cylindrical symmetry with an average inner diameter and wall thickness of 63 nm and 20 nm, respectively. Figure 2͑d͒ is the top-view SEM image of the platinized Ti mesh. The Pt particles were distributed onto the Ti surface with the diameter range of 20-25 nm which implies that the Pt particles could provide sufficient surface area to exchange electrons with the electrolyte.
III. RESULTS AND DISCUSSIONS
For the photoanodes of the DSSCs, the amount of dye adsorption is a key factor to enhance the light harvesting efficiency. 16 In order to determine the quantity of chemisorbed dye in the TiO 2 nanotube film, dye molecules were desorbed from a nominally identical batch of photoanodes in a mixed solution of 0.1M NaOH and ethanol ͑volume ratio: 1:1͒. Figure 3 shows dependence of the amount of chemisorbed dye on the thickness of TiO 2 nanotube film based on three types of photoanodes. The amount of dye adsorption is proportional to the thickness of the TiO 2 nanotube film. Besides, for the same thickness TiO 2 nanotube film, the dye loading of the photoanode based on 120-mesh is the highest, followed by the one based on 90-mesh and then the one based on 60-mesh. This is probably due to the fact that, with the increase in the mesh number, the surface area of the Ti mesh substrate also increases, which means there will be larger surface area exposed for producing the TiO 2 nanotubes. As the amount of adsorbed dye strongly depends on the surface area of the TiO 2 nanotube film, the dye loading is enhanced.
The counter electrode of the DSSCs serves to transfer electrons from the external circuit to the electrolyte. 17 The role of Pt on the counter electrode is to catalyze the electrochemical reduction in the redox couple. An important parameter of the platinum-based counter electrode is the active surface area ͑A s ͒ of Pt because only the Pt atoms on the outside surface can contribute to the catalytic activity. As described in most electrochemical studies, 18, 19 we measured the A s of the three types of counter electrodes by using the hydrogen-desorption peaks on the CV curves in 0.5M H 2 SO 4 aqueous solution. For comparison, all the counter electrodes were cut into 0.5 cmϫ 2 cm pieces with a Ti mesh ͑60-mesh͒ in the same size as the reference sample. Figure 4͑a͒ shows the CV curves of the as-prepared counter electrodes and the reference sample. It is obvious that the Ti mesh showed no H adsorption-desorption features, which is in good agreement with the property of Ti substrates. 20 Consequently, the electro-oxidation peak in the CV curves of the platinized Ti mesh should be resulted from the existence of Pt. The A s of the counter electrodes can be obtained according to the following equation:
where Q H represents the charges related to oxidization of monolayer hydrogen on the Pt surface, equaling to the cali- Table I summarizes the electrochemical data obtained from the CV curves. Obviously, the A s of the counter electrodes rises with the increment of the mesh number, which is in accordance with the trend of the dye loading on photoanodes discussed above. This result is also attributed to the increased surface area of the Ti mesh substrate. In addition, for a flat smooth Pt sheet plate, Q H is around 0.21 mC cm −2 , 23,24 which means A s is about 1.01 cm 2 , only one-tenth of that of the 120-mesh counter electrode. It implies that the mesh structure based counter electrode could provide larger surface area for Pt atoms to disperse in than the one based on flat smooth sheet.
The increased A s of the counter electrode with larger mesh number is further verified by the CV measurement in the electrolyte solution, containing 5 mM LiI, 1 mM I 2 , and 0.1M LiClO 4 as the supporting electrolyte in acetonitrile. The CV curves of I − / I 3 − redox couple on the three types of counter electrodes are shown in Fig. 4͑b͒ . It is observed that there are two anodic peaks in the anodic sweep and two cathodic peaks in the cathodic sweep, which were described in detail elsewhere. 25, 26 The shapes of the curves are similar and the anodic and cathodic peak heights and areas increase along with the mesh number. We believe that the Ti mesh with larger mesh number could provide larger surface area for the platinum deposition, and hence the catalytic activity of Pt toward the reduction in I − / I 3 − redox couple is enhanced.
EIS has been widely used 27, 28 as a useful approach to investigate the influence of different resistance elements on the photoelectrochemical characteristics of the DSSCs. Generally, the impedance spectra of the DSSCs contains three semicircles, 29 which are attributed in terms of decreasing frequency to electrochemical reactions at the counter electrode/ electrolyte interface ͑Z 1 ͒ in the high-frequency region, the electron transfer at the TiO 2 / dye/ electrolyte interface ͑Z 2 ͒ in the middle-frequency region, and the Nernst diffusion impedance of the redox species in the electrolyte ͑Z 3 ͒ in the low frequency region. The real parts of Z 1 , Z 2 , and Z 3 represent the resistance elements as R 1 , R 2 , and R 3 , respectively. The resistive element R h in the high-frequency region ͑around 100 kHz͒ corresponds to the sheet resistance of the substrate. To further explore the influence of the mesh number on the performance of the DSSCs, the electrodes based on different mesh number were assembled to fabricate the devices for EIS measurement. Figure 5 shows the variation in the EIS parameters of the DSSCs ͑under illumination of 100 mW cm −2 at open-circuit condition͒ by changing the mesh number of the electrodes. It could be seen when the mesh number of the photoanode was fixed to 60-mesh ͓Fig. 5͑a͔͒, with the increase in the mesh number on the counter electrode, the R 1 decreased from 57.6 to 15.5 ⍀. Meanwhile, the R 2 and R h remained nearly constant and R 3 increased from 40.1 to 60.5 ⍀. Correspondingly, when the mesh number of the counter electrode was fixed to 60-mesh ͓Fig. 5͑b͔͒, with the increase in the mesh number on the photoanode, the R 2 decreased from 74.7 to 29.5 ⍀; the R 1 and R h kept constant and R 3 increased from 40.2 to 80.6 ⍀. The decrease in R 1 in Fig. 5͑a͒ is mainly caused by the increased active surface area ͑A s ͒ of Pt on the counter electrode. The reduction in R 2 in Fig. 5͑b͒ attributes to the enhancement of the dye loading of the photoanode. For R 3 , in both cases, with the increase in the mesh number, the diameter of the opening in the mesh is reduced, which causes the ions in the electrolyte more and more difficult to diffuse. Hence, the R 3 will rise. Besides, as the substrates of this 3D DSSC are based on Ti metal, there is little change in the sheet resistance of the Ti mesh when the mesh number is varied. Consequently, the R h has scarcely changed for the both cases. In general, the increase in the mesh number will lower R 1 and R 2 but enhance R 3 and have little impact on R h . In comparison with the other 3D DSSCs introduced in our previous work, 30, 31 one of the merits of this new 3D DSSC is its superior light utilization efficiency. To confirm this point, the angle of the incident sunlight was changed from 0°to 180°and we measured the corresponding photovoltaic parameters of the device. As shown in Fig. 6 , the short circuit current ͑I sc ͒ and open circuit voltage ͑V oc ͒ nearly remain unchanged with the variety of the incident angle, which demonstrates that the performance of this 3D DSSC is independent of the incident angle. This is because no matter which direction the constant light source irradiates from, the axial symmetrical structure of the 3D DSSC could capture the same quantity of the sunlight, as indicated in the inset of Fig. 6 . Moreover, in the natural environment, cloudy skies may produce more scattered sunlight than the sunny skies. 32 Considering such sunlight may come from nearly all skyward directions, this 3D DSSCs may work more efficiently than the flat types during cloudy days.
For the photovoltaic analysis, a series of the 3D DSSCs were fabricated by different combinations of photoanodes ͑60-mesh, 90-mesh, and 120-mesh͒ and counter electrodes ͑60-mesh, 90-mesh, and 120-mesh͒. We assume that the irradiated area of this 3D DSSC is the cross section of the cylinder which is a 5 mmϫ 20 mm rectangle as shown in the inset of Fig. 7 . Before the measurement, we first tried to optimize the thickness of the TiO 2 nanotube film on the photoanode because it is a key factor to influence the efficiency ͑͒ of the DSSC. From Fig. 7 we could see the DSSC ͑60-mesh photoanode and 60-mesh counter electrode͒ with 14.5 m showed the highest conversion efficiency ͑͒ of about 3.2% with the short circuit current density ͑J sc ͒, open circuit voltage ͑V oc ͒, and FF of 6.30 mA cm −2 , 0.73 V, and 70.5%, respectively. As a result, we adopted 14.5 m as the uniform film thickness by controlling the anodization time. Through several parallel experiments, we found the best combination was the 90-mesh photoanode with the 120-mesh counter electrode ͑ = 5.5%͒, rather than the 120-mesh photoanode with the 120-mesh counter electrode ͑ = 5.1%͒, as shown in Fig. 8 . As discussed in the above, larger mesh number is beneficial to the dye loading and active surface area ͑A s ͒ of Pt but it has a negative impact on the diffusion of the ions in the electrolyte. We believe this is the balanced result of these three factors.
Although this new 3D DSSC showed some superiority over traditional types, there are still some problems to be solved. For example, the sprayed SiO 2 layer on the counter electrode as the electrical insulator is sometimes easy to be broken, which causes the direct contact between the electrodes and lowers the efficiency of the cell. As a result, how to stabilize the electrical insulator layer is a key issue. Besides, the film thickness of the electrical insulator needs to be optimized since it determines the diffusion length of electrolyte. In addition to this, we are now investigating whether there are better ways of insulating the electrodes without blocking the transport of electrolyte, for example, to use a thin plastic mesh as the insulator. This work is currently in progress. We hope by sharing our ideas with other research groups, the photovoltaic performance of this 3D DSSC could be further optimized.
IV. CONCLUSIONS
In summary, we showed a new type of the 3D DSSC by utilizing the cylindrical Ti meshes as the substrates of electrodes. With the anodization method, a self-organized TiO 2 nanotube layer was in situ synthesized from the Ti mesh as the photoanode material. The morphologies of the electrodes were characterized by SEM. The influence of the mesh number was tested via the dye adsorption, CV curves, and EIS measurement. We found the dye loading on the photoanode as well as the active surface area of Pt on the counter electrode increased along with the mesh number but it was more difficult for the electrolyte to diffuse through the reducedsize openings in the mesh. In the photovoltaic analysis, the 3D DSSC based on 90-mesh photoanode and 120-mesh counter electrode exhibited the highest conversion efficiency of 5.5%. It was also demonstrated that the performance of this 3D DSSC is independent of the incident angle of the solar radiation due to its axial symmetrical structure. Further work is to focus on optimizing the electrical insulator layer, and higher conversion efficiency is expected.
